Electronic structures and scanning tunneling microscopy (STM) patterns of boron-and nitrogen-doped bilayer graphene are predicted using state-of-the-art first-principles calculations. Asymmetric doping is considered, leading to different charge-carrier densities on each graphene layer and to a band-gap opening. When lying on the top layer, the local STM patterns of the dopant are predicted to be similar to images observed in monolayer graphene. In contrast, the local electronic states of the buried dopant are not directly detectable by STM. However, by analyzing the charge transfer between graphene layers and its effect on the contrast of the STM image, the chemical doping is found to affect the symmetry (hexagonal and triangular) of the observed lattice for both the top doped surface and the buried doped layer. Consequently, our ab initio simulations predict a possible indirect detection of N or B dopants buried in bilayer graphene when such a contrast is revealed by a series of ST.
I. INTRODUCTION
Multilayer graphene (MLG) presents electronic and transport properties drastically different from those of single-layer graphene (SLG). A two-dimensional monatomic sheet exhibits a linear dispersion of electronic states near the Fermi level (the massless Dirac fermions characteristic), resulting in an anomalous quantum Hall effect (QHE) and extraordinarily high electronic mobilities for the charge carries. Combined with its mechanical properties (resistance and flexibility) and its reduced light absorption, graphene-based materials have been proposed for several nanoelectronics applications, including new transparent conductive devices. 1, 2 However, these remarkable electronic properties are modified by the presence of another surrounding carbon layer or a substrate. Indeed, the linear electronic dispersion disappears in the case of stacking as in MLG (except if layers are disoriented) [3] [4] [5] [6] or when deposited on a substrate, thus inducing a strong decrease of the charge mobilities and a modification of the QHE. 7 Finally, when an external field is applied, the interaction between layers can be controlled and tailored, opening new possibilities for the engineering of the band gap in few-layer graphene. 8, 9 Chemical doping of graphene-based materials represents another research direction to tune their electronic properties in the same way as for conventional doping in semiconductor (Si, etc.). Several attempts have been reported in the literature for doping either flat graphene or carbon nanotubes (CNT's), mostly with boron (B) and nitrogen (N). [10] [11] [12] [13] Their respective influence on the electronic and transport properties and transport have been extensively studied. [13] [14] [15] [16] This chemical doping also induces changes in the reactivity of carbon nanostructures, thus allowing for the development of a chemical sensor 17 and the storage of energy (Li battering 18 and supercapacitor 19 ).
The combined influence of both interlayer interaction and chemical doping has not been investigated in detail yet in order to interpret experimental data. To the best of our knowledge, only the effect of N, B, and K doping on the electronic structure of AB-stacked bilayer graphene (BLG) has been studied so far. 20 In the present study, both nitrogen and boron substitutional doping in one of the two layers of a bilayer graphene are investigated using a first-principles approach. A detailed study is performed of the scanning tunneling microscopy (STM) features for N or B chemical doping on the top layer of bilayer graphene or for a buried defect. Our simulations predict that even if local and direct fingerprints of buried chemical modification are very difficult to image, the delocalization of the doping charges on the neighboring plane of bilayer graphene leads to a clear modification of the symmetry of the STM patterns, dependent on the bias voltage, for both top doped and buried doped layers.
II. METHODOLOGY
Using density functional theory implemented in the SIESTA package, 21 the N and B doping is investigated in Bernal (AB) bilayer graphene. A supercell technique (10 × 10 unit cell including 399 C atoms and one dopant) was used to investigate doped bilayer graphene, with a vacuum region of ∼10Å in order to avoid undesired interactions between periodically repeated images along the direction perpendicular to the sheets. Exchange-correlation effects were handled within the local density approximation (LDA) as proposed by Perdew and Zunger. 22 Core electrons were replaced by nonlocal norm-conserving pseudopotentials. 23 The valence electrons were described by localized pseudoatomic orbitals with a double ζ . 24 The first Brillouin zone (BZ) was sampled with a 6 × 6 × 1 grid generated according to the Monkhorst-Pack scheme. 25 Real-space integration was performed on a regular grid corresponding to a plane-wave cutoff around 300 Ry. All the atomic structures of self-supported doped bilayer graphene have been relaxed in the plane (with fixed lattice parameters for the supercell) using a conjugate gradient scheme until the maximum residual forces on each atom were smaller than 0.01 eV/Å. The interlayer distance has been kept constant at 3.35Å, as discussed below.
The STM topological images were calculated according to the Tersoff and Hamann approximation, following the methodology applied for single-layer doped graphene. 16, 26 In this approach, applying a small bias voltage (V bias ) between the tip and the sample yields a tunneling current (I ) proportional to the local density of states (LDOS) integrated from E F − eV bias to E F :
Within this framework, a positive (negative) V bias provides information on the electron density corresponding to the occupied (unoccupied) states. In the present work, STM images are calculated in constant current (CC) mode according to standard experimental procedures. The tip-sample distance (or tip height) is defined as the distance between the atomic plane and the pointlike tip, implying that neither the tip shape nor its electronic structure are taken into account in our simulations. Consequently, although the modifications of the tip-sample distance are well described within the present approach, the value of the tip-sample distance cannot be directly compared with the experimental one.
III. ELECTRONIC PROPERTIES OF DOPED BILAYER GRAPHENE
In this work, asymmetric (one of the two layers) substitutional doping of AB stacked BLG is considered. In the substitution process, two possible sites exist, related to the two inequivalent C atoms of pristine BLG. If the substituting dopant is on the top of the center of a hexagon of the neighboring layer, the substitution is defined as type 0 [site 0 substitution- Fig. 1(d) ]. On the contrary, if the dopant lies at the top of another carbon atom in the neighboring layer (A-type atom), the substitution is defined as type 1 [or site 1 substitution- Fig. 1(d) ]. According to the supercell size described above, the doping concentration is 0.5% on the doped layer or 0.25% of the complete bilayer system.
After full ab initio optimized relaxation, no important structural modifications of the graphene layer are observed for type 0 or type 1 and B/N substitutional doping. The bond length between the dopant and the nearest-neighbor C atom is slightly modified but less than for CNT doping. 16 Indeed, the N-C bond is nearly unchanged (small reduction of 0.01Å) and the B-C bond increases to 1.47Å compared to 1.42Å for the C-C bond in pristine graphene. However, no relaxation has been performed regarding the interlayer separation, since DFT is known to not properly describe longrange weak interactions (van der Waals type). 27 Moreover, experimental data of N-doped MLG have not concluded in any change related to the interlayer distance. 11, 12 However, we have carefully checked that our theoretical predictions are not dependent on the exact interlayer distance. For example, a reduction of 0.2Å (a realistic maximal value for the possible variation of the interlayer distance due to the doping) does not change notably the energy band dispersion and modifies slightly (by ∼0.05 eV) the position of the Fermi energy of the doped system.
In Fig. 1 , the electronic band structure of pristine bilayer graphene [ Fig. 1 The Kohn-Sham band-gap energy (E g ) is calculated to be 0.21 and 0.13 eV for type-0 and -1 bilayer systems, respectively. These E g values have to be considered with care since DFT is known to always underestimate the electronic band gap. Although the DFT approach has also been used in Ref. 20 to estimate the band gap in asymmetric doped bilayer graphene, our calculations predict a larger band gap by 0.1 eV for type-0 doping with the same concentration. Such a discrepancy can be explained by the different exchange-correlation functionals The densities of states (DOS's) of the doped bilayer graphene resulting from first-principles electronic structure calculations are displayed in Fig. 2 . The DOS of pristine graphene is given for comparison (black solid line). The doping by a trivalent atom (boron case) leads to an upshift of the Fermi level (E F ) by 0.3 eV, equivalent to a p-type behavior in conventional semiconductor physics. The partial density of states (PDOS) on a B atom exhibits a local electronic state (resonant state) at −0.4 eV in the valence band. In contrast, the N doping induces an excess of electrons (due to the substitution of a C atom by a pentavalent atom), leading to a traditional n-type behavior. Consequently, the E F is downshifted by 0.3 eV and the corresponding PDOS on the N atom presents a resonant peak at +0.4 eV. This chemical doping picture is similar to the ones reported for single-layer graphene 16, 29 and carbon nanotubes. 15 However, the shift of the Fermi level is found to be smaller in a bilayer system than for single-layer graphene, due to the partial transfer of extra electrons (or holes) to the neighboring carbon layer (see below). Figure 2 also confirms that type-0 or type-1 doping generates similar electronic properties.
IV. STM IMAGES OF DOPED BILAYER GRAPHENE
In this section, first-principles calculations are performed to simulate STM images of asymmetrically doped bilayer graphene. Although quite scarce, experimental STM investigations of chemical doping in graphene-based material have mainly focused on the monoatomic layer (SLG), 13 or on multilayered systems 12 without real discrepancies with SLG. Theoretical STM images of B-and N-doped SLG have already been published previously, 16 and are very similar (as will be demonstrated later on) to the local patterns of doped BLG when the substitution appears on the top surface layer. In contrast, the buried dopant will have a drastic influence on the STM pattern. In the following, the study will focus on type-0 doping since type-1 doping leads to similar conclusions, as expected due to the similar electronic structures described above. Figures 3 and 4 present the ab initio simulations of STM images for bilayer graphene with the dopant located on the top layer. The local signatures are indeed very similar to the STM images obtained for a N or B dopant embedded in singlelayer graphene. 13, 16 The N substitution induces a triangular pattern centered on a dark region located on the N atom ( Fig. 3 ). This specific signature has been interpreted in terms of the spatial extension of the electronic states associated with the N atom and the three neighboring carbon atoms (forming the three C-N bonds) in the direction perpendicular to the graphene plane. 16 Recent experimental STM measurements have confirmed this symmetry in the local STM pattern of the substituting N dopant. 13 Similarly, the B substitution exhibits a very bright spot centered on the dopant site, related to the large extension of the atomic orbitals centered on the dopant with an extra electronic charge (Fig. 4) . The asymmetry of the local contrast with both the sign and the value of the bias voltage is directly related to the energy of the localized state associated with B doping, which could be an important aspect to interpret the corresponding experimental images.
In STM, the main difference between SLG and AB-stacked pristine BLG is the observed asymmetry at low bias voltage between the carbon atoms from the two different sublattices, which are either A or B type. B-type carbon atoms (lying on the top of the center of a hexagon of the neighboring layer) appear much brighter than A-type carbon atoms (lying on the top of another carbon atom from the neighboring layer), leading to a triangular-lattice pattern frequently observed by STM. This interlayer interaction effect in graphite on the STM pattern has been explained based on a pure electronic density effect. 30, 31 Indeed, the ab initio DOS of the pristine bilayer obtained by DFT is illustrated in Fig. 5 , including a PDOS on Aand B-type carbon atoms (top inset). The A-type carbon atom presents a vanishing PDOS near the Dirac point, while the PDOS of a B-type carbon atom exhibits a plateau between −0.4 and +0.4 eV. At a given bias voltage, the STM image is directly related to the local electronic states integrated from E F to E F − eV bias . Consequently, for a small bias voltage (<0.4 V), only the B-type carbon atoms are visible, whereas a larger bias voltage gives rise to a hexagonal pattern containing all the carbon atoms imaged as bright spots. 32 However, because of the (almost) symmetrical DOS at E F , the difference of brightness (or apparent height) of Aand B-type carbon atoms will not be dependent on the sign of the bias voltage. Coming back to Fig. 3 , a triangular pattern (of the carbon network) can be clearly observed away from the local fingerprint of the N dopant for a bias voltage of +0.5 eV, while a −0.5 V bias voltage displays a hexagonal pattern. In contrast, for the B-doped bilayer graphene (Fig. 4) , a triangular pattern can be observed for a bias voltage of −0.5 V, while Aand B-type carbon atoms have a similar brightness at +0.5 V. Ab initio STM images of buried N and B in bilayer graphene are represented in Figs. 6 and 7 , respectively. The first observation is the absence of a local signature in the (perfect) layer, which is on top of the doped layer containing the buried dopant (at the center of the image). Note that a faint local pattern could appear in our simulations at high bias voltage, but it will certainly be difficult to observe such a tiny modification of the contrast experimentally. Consequently, as expected for MLG, the local electronic states of the buried dopant in the neighboring underlayer are totally screened by the first pristine layer.
In the following, the contrast between the Aand B-type carbon atoms is analyzed in N-doped ( Fig. 6) and B-doped ( Fig. 7) bilayer graphene. In both cases, a triangular-symmetry pattern can be observed in Figs. 6 and 7 for small bias voltages (±0.1 eV), although the contrast is found to be dependent on the sign of the bias voltage. However, for higher bias voltage, STM images exhibit a hexagonal symmetry pattern (all carbon atoms identical) for V bias = −0.5 eV in N-doped bilayer and for V bias = +0.5 eV in B-doped bilayer. In contrast, the triangular-symmetry pattern (where only B-type carbon atoms are visible) is conserved for the opposite sign of the bias voltage: V bias = +0.5 V in N-doped bilayer and V bias = −0.5 V in B-doped bilayer.
In order to scrutinize and analyze more deeply these STM contrast differences, a close-up view of the DOS of pristine and N-doped bilayer graphene is presented in Fig. 5 . Due to N doping (donor character), the Fermi energy is found to be 0.3 eV above the conventional Dirac point, leading to a DOS asymmetry around the charge-neutrality point (E F ). This downshift of the Dirac point compared to the pristine case is the first step toward explaining the constant differences observed in the STM images when applying various bias voltages.
The second step consists in decomposing the total DOS into PDOS located on the nitrogen atom (Fig. 5 ). The PDOS located on both Aand B-type carbon atoms are also displayed in the two sheets (the dopant being in the bottom layer) of the N-doped bilayer system (bottom inset), and are compared to the Aand B-type carbon atoms of pristine bilayer graphene, as already mentioned above. Figure 5 This charge difference ( n = n bottom − n top ) between the two layers results in different local electrostatic potentials on each layer. Consequently, a gap opening is induced in the doped BLG ( Fig. 1 ) in the same way as when an external electric field is applied to the system. 8, 9 Indeed, the electric field of a planar capacitor with the same charge density would be V = 118 mV/Å. The ratio α = U/( n ) (where U is the energy gap at the K point, as defined before) gives the linear relation between the charge-density difference and the value of the resulting band gap. Here, we obtain a value of 14.2 × 10 12 cm 2 meV, a number comparable to the value suggested in Ref. 28 for an external applied electric field. In conclusion, the present analysis reinforces the interpretation of the gap opening in asymmetric doping in terms of the electrostatic potential difference, related to the charge transfer between layers.
Coming back to the STM images, the contrast difference between the Aand B-type carbon atoms in N-doped bilayer graphene can be easily interpreted in terms of the local density of states around the Fermi level. In fact, probing the electronic states in the energy window [E F ; E F + 0. Fig. 5 (bottom inset) ]. Finally, an analogous analysis can be performed for the B-doped system. Indeed, with the acceptor character of the dopant, the Fermi energy appears below the Dirac point, leading to similar effects (although inverses with the sign of the bias voltage) on the STM contrast difference between the Aand B-type carbon atoms in B-doped bilayer graphene (see Figs. 4 and 7) .
V. CONCLUSION
In conclusion, ab initio electronic structure calculations and STM images (within the Tersoff-Hamann approach) have been investigated in asymmetric nitrogen and boron substitution in bilayer graphene. Our first-principles calculations reveal that both the electronic structure and the STM images are independent of the position of the dopant (site 0 or site 1 for the substituting dopant). The local STM signatures of the dopant are very similar to the one observed for doped monolayer compounds. Our simulations also predicted that buried N and B dopant (in the bottom layer) substitution does not lead to a specific local fingerprint on the top layer. The symmetry of the predicted STM patterns in bilayer graphene can be either hexagonal (when all carbon atoms are imaged) or triangular (when only B-type carbon atoms are imaged). This situation is modified when introducing dopants in the top layer or incorporating buried dopant in the bottom layer. In addition, the dopant localization (either on the top or bottom layer) has been found to drastically influence at which bias voltage value the hexagonal symmetry will be recovered. This theoretical prediction has been accurately investigated and is supported by a detailed PDOS analysis of Aand B-type carbon atoms in both pristine and doped bilayer systems. Of course, this phenomenon will strongly depend on the amount of doping (amount of charge transfer) on the top layer of a multilayer AB-stacked graphene, but could also appear when applying an external field or resulting from the interaction with a substrate. The relative orientations of the layers are also an important consideration. Indeed, misoriented multilayer graphene will not, in general, give rise to such asymmetry in the STM contrasts, since all carbon atoms have a similar environment and cannot really be distinguished as A or B type in these systems. 4, 5 These theoretical predictions could be verified experimentally by measuring a series of STM images at various bias in N-or B-doped bilayer graphene. The shift of the Fermi level (related to the Dirac point) and the opening of a band gap without gating could also be investigated by STS techniques. In the present work, only bilayer graphene systems have been investigated. For multilayer graphene (with a larger number of layers), analogous effects are expected to be observed. However, the amount of charge transfer to the top layer in the case of a deeply buried defect could be modified 035444-5 by a third layer or by the presence of a substrate. In any case, the theoretical predictions proposed in the present work are expected to stimulate experimental STM images in doped Bernal-stacked multilayer graphene.
